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This is a brief summary with comments on selected contributions to the Cosmology and Gravita-
tion section at the 24th Brazilian Meeting on Particle and Fields (ENFPC XXIV), held at Caxambu,
from September 30 to October 4, 2003.
HISTORY AND TRENDS
The earliest known publication on Einstein’s Relativity
in Brazil is the little book by Amoroso Costa back in 1922
[1]. After that, a more technical book by Pedro Rache ap-
peared only in 1932 [2]. Research papers properly may be
tracked back to the early forties, with the collaboration
between Mario Scho¨nberg and Chandrashekar in Chicago
[3]. However, regular and systematic academic programs
similar to the ones we have today, leading to graduate
degrees, started in the mid sixties, with F. Kremmer in
the state of Parana´ and with C. Oliveira at the Centro
Brasileiro de Pesquisas Fisicas (CBPF) in Rio de Janeiro.
This gives us an estimate of approximately 40 years of de-
velopment of an effective academic research on cosmology
and gravitation (CGR) in Brazil.
During this period we have grown to approximately
150 researchers in that area, scattered through almost
all states of Brazil. The present meeting counted with a
total of 84 contributions in CGR alone, including two in-
vited plenary talks, three parallel presentations, 20 short
oral communications and 59 poster presentations. Here
we present a sampled analysis of these contributions, as-
sembled in just a few categories.
There is a noticeable tendency towards cosmology,
with 53 contributions, against a only 31 from topics in
local gravitation, a clear demonstration of a new trend.
This is hardly surprising, considering the present status
of cosmology as a highly experimental and interdisci-
plinary part of physics, which has provided us with a
vast and challenging collection of data waiting for expla-
nations.
Therefore, it is also no surprise that the two invited
plenary talks on CGR were on the main experimental
results of observational cosmology, the accelerated ex-
pansion and the cosmic background radiation (CMBR).
The first plenary talk by A. Lassenby (Cavendish):
Cosmic Microwave Background - Recent Results and
Their Implications for Cosmology, analyzed the results
on the CMBR from the Wilkinson Microwave Anisotropy
Probe (WMAP) experiment released early this year.
After reviewing the present observational situation, it
was pointed out that those results confirm previous mea-
surements of the COBE satellite and more recent balloon
and ground-based experiments, but evidenced a deficit of
fluctuation power on the largest scales, and also a varia-
tion of the spectral index in the primordial perturbation.
In his own conclusion, “these measurements have con-
firmed the parameters of the current concordance model
of the Universe, but with some intriguing pointers to-
wards ‘new physics’ ” [4].
The second plenary talk by Jerome Martin (Inst.
d’Astrophysique de Paris) Inflation and Precision Cos-
mology, reviewed the inflationary mechanism in cosmol-
ogy and its consequences to the CMBR anisotropy and
formation of large scale structures. The predictions of
inflationary theoretical models were compared with the
WMAP data, showing an agreement between them. The
talk also included an interesting discussion on the trans-
Planckian problem of inflation. That is, the fact that all
the scales of astrophysical relevance today were, at the
beginning of inflation, smaller than the Planck length.
Finally, possible observational signatures, in particular
in the CMBR anisotropies, leading to topological defini-
tions were also discussed [5].
These two talks more or less set the trend for the
great majority of the discussions on Cosmology during
the meeting. Therefore, we start with cosmology, mov-
ing towards the local aspects of gravitation.
Essences of Inflation
A number of possible answers to two of the major open
questions in today’s cosmology were presented: what
caused the past inflation and what causes the current
accelerated expansion of the universe?
The presently popular quintessence model features a
slowly decaying scalar field associated with a phenomeno-
logical potential with a small energy density, of the or-
der of today’s value of the Hubble parameter H0 ∼
10−42GeV [6]. One known criticism to this model is that
it is difficult to conciliate such small repulsive new force
with the present efforts to solve the hierarchy problem
for fundamental interactions [7]. Therefore, it is natu-
ral to ask if it is possible to build a quintessence model
starting from the phenomenology, for example using the
known data on the dynamics and thermal history of the
2universe, instead of postulating a potential, [8].
Along a similar line, we could also look for a possible
relation between the primordial inflationary period and
today’s accelerated expansion. Using the quintessence
model, it has been conjectured that both accelerated pe-
riods are described by the same scalar field, with a par-
ticle production associated with a non-zero coupling be-
tween matter and the inflaton [9].
On the other hand, particle creation associated with
inflation can be explained in different ways. For exam-
ple, it may be considered as a result of the gravitational
field through an irreversible process, or at the expense of
the scalar field together with a phenomenological friction
term [10].
It is also possible to suppose that that inflation started
at finite temperature, leading to a super cooling during
the first inflation phase, remaining cool till reaching the
end of that phase, followed by a reheating period [11].
The non-linearity of the decay of inflation as a cause
of the reheating of the universe was described as a long
time regime dynamical system, characterizing a turbu-
lent state with a non-linear transfer of energy and the
consequent thermalization of the created matter [12].
The Chaplygin gas model proposes a unified descrip-
tion of dark matter and dark energy with a single sub-
stance specified by a hyperbolic state equation p =
−C/ρ, [13]. The observational constraints on such flu-
ids using data from the supernova type I (SNIa) experi-
ments, the statistics of gravitational lensing and the FR
2b radio galaxies were also studied, showing the best fits
for the situations close to the model composed by the
cosmological constant plus cold dark matter (ΛCDM)
limit [14].
Topology and Topological Defects
The experimental detection of the topology of the uni-
verse and the compatibility of topological defects with
experimental data was discussed in several occasions dur-
ing the meeting. In particular the question concerning
the determination of the topology of the universe in a
theory that is based exclusively on its local Riemannian
metric geometry, as it is the case of General Relativity,
leads naturally to the question on how to interpret any
possible experimental measurements on the topology of
the universe [15]. The finiteness of the universe has been
academically discussed for a long time. Back in 50BC,
Lucretius [16] wrote:
“...the universe is not bounded in any direction. If it
were, it would necessarily have a limit somewhere. But
clearly a thing cannot have a limit unless there is
something outside to limit it...”
However, in face of the recent observational data from
the WMAP experiment, it has been estimated that the
universe may be finite or composed of finite cells. In
fact using that data, it was recently announced that the
topology of the observable universe can be that to be
that of a Poincare` dodecahedron [17]. The confirmation
of such hypothesis still depends on the detection of pairs
of intersection circles which should necessarily appear in
such topology. This is expected to be confirmed in the
next planned experiments on the CMBR.
On the other hand, the same observations suggest
that the universe is nearly (spatially) flat, with the ratio
Ω = ρ/ρcr of the total energy density ρ to the critical en-
ergy density ρcr being very close to one. This is compat-
ible with the predictions of standard inflationary models
which also predicts this ratio to be closer to one by several
orders of magnitude. Such analysis has been suggested
as a way to distinguish between two cosmic topologies
as opposed to the usual detection based on pattern rep-
etition. This analysis may decide which topologies are
potentially detectable but not excluded by observation
[18].
Since The Chapligyn gas behaves sometimes as attrac-
tive and sometimes as repulsive depending on the value
of the parameter C, it has been conjectured that it must
be also associated with a topological change in the uni-
verse. However, at least one analysis indicates that the
delectability of the topology of a universe dominated by
such gas is very unlikely [19].
Previous measurements on the CMBR have indicated
some incompatibility with the cosmic strings structure.
This was confirmed by the WMAP experiment as men-
tioned in the plenary talk by Lassenby. Nonetheless,
some sophisticated efforts have been made to place cos-
mic strings back on the track:
In one example the cosmic string structure may be
modified by the addition of an electrical current, such
that it would adjust to the measurements of the CMBR.
This can be implemented within the scalar-tensor con-
text, showing that the inclusion of electromagnetic prop-
erties induces logarithmic divergences [20].
In addition, torsion may also be included in a current-
carrying cosmic string. The joint effect of current and
torsion would change the gravitational force and the
geodesic equation of a test-particle moving around such
“screwed” string [21].
In a different approach to the same problem, the cos-
mic string was altered by the inclusion of a dislocation.
However, in doing so, an observer traveling along such
string with increasing velocity, would eventually witness
the formation of a time machine. This apparently un-
desirable effect can be fixed by considering a quantized
scalar field around the string [22].
3Quantum Cosmology
A time independent quantum gravity program based
on the Wheeler-DeWitt (WDW) equation is generally
known as Quantum cosmology (QC) [23]. Since in this
case time does not exist, in one interpretation the solu-
tions of the WDW equation can be seen as being time-
less (or eternal so to speak). Nonetheless, to make sense
with the classical limit of the theory, an appropriate clas-
sical time variable must be recovered somehow. In some
models, the evolution of a classical field attached to the
system sometimes is used as a time marker. However,
generally speaking the recovery of time in QC remains
an open problem [24].
Quantum Cosmology describes quantum states of the
universe and the probability transition between these
states. Therefore, it may also associate topological
changes in the corresponding classical universe. We could
speak of a quantum topological transition in “quantum
topology” associated with the quantum tunneling. Some
estimates show that such topological transition between
homogeneous and isotropic hypersurfaces with different
Riemann curvatures can be characterized by the Greens’
function of the system [25].
With the recovery of the notion of classical time and
with the notion of topological transition, we may ask
what QC would say about the recent measurements of
the CMBR and of the accelerated expansion of the uni-
verse [26]. One possible answer is through the imposition
of a classical variational principle. Using the Schultz vari-
ational formalism, the notion of time can be introduced
so as to obtain the FRW model by a superposition of
discrete stationary solutions to the WDW equation. Nu-
merical simulations appear to agree with results obtained
through time-independent perturbation theory. It turns
out that these models do not have singularities but they
exhibit quantum tunnelings. Since this may imply in
the loss of unitarity, the probability transition between
states of the universe is not necessarily conserved, sug-
gesting that the “many-worlds” interpretation could be
applied to QC [27].
Gravitation in Higher and Lower-Dimensions
The four-dimensionality of space-time is an experi-
mental fact. At least that is what we conclude from
Mikowski’s own words [28]
”The views of space and time which I wish to lay before
you have sprung from the soil of experimental physics and
therein lies their strength. They are radical... ”
Of course, he was referring to the Michelson-Morley
experiment and at that time nothing else would indicate
that we need more than four dimensions. However, the-
ory, experimental high energy physics and astrophysics
have evolved enormously since that period, suggesting
that we may need more than four dimensions to describe
space-time.
In fact, gauge field theory is consistent with the addi-
tion of a set of parameters associated with a symmetry
group which exists together with the Poincare` symmetry.
This characterizes an “internal space” which is observable
through high energy physics experiments. Therefore, to-
day we could rightfully repeat Minkowski’s words, stating
that “higher dimensional physics also sprigs from the soil
of experimental physics”. The difficulty lies in finding the
correct way to combine all degrees of freedom in a single
space with dimension greater than four.
One of the most recent proposal in that direction is the
scheme of “large extra dimensions”, also known as the
brane-world program, where the four-dimensional space-
time is a submanifold embedded in a higher dimensional
space [29, 30]. The extra dimensions can be as large as a
micrometer and there are serious experiments under way
to verify Newton’s gravity at short distances [31]. Addi-
tional experiments are being planned for 2007, aiming to
probe the extra dimensions at the TeV scale of energies
[32].
The accelerated expansion of the universe as an ob-
served fact has been also understood as an experimental
evidence for the existence of large extra dimensions. This
interpretation is possible because large extra dimensions
suggest a modification of Friedmann’s equations by an
additional term. In most models this term can is propor-
tional to the square of the energy density [33], which does
not agree with the formation of light elements from the
big-bang nucleosynthesis, suggesting a number of rather
creative fixes.
One of these repairs consists in modifying the energy
scale of the nucleosynthesis. Admitting that the funda-
mental scale is 1 TeV and using a semi-analytic proce-
dure, the primordial Helium abundance appears to be in
agreement with the observations [34].
A higher dimensional Minkowski space has also been
considered as the host space (the bulk) in which the
brane-world moves as an extended object [35]. In this
case, the motion of the brane-world emits gravitational
waves in the bulk, which may become a source of gravi-
tational waves itself. In the case of bulk waves produced
by the linear perturbations of the bulk, we obtain besides
spin two fields, other gravity related objects whose nature
depends on the number of extra dimensions. Therefore,
the higher-dimensional gravitational dynamics produces
a difference relative to the usual four-dimensional one
when counting the spin degrees of freedom [36].
The dependence of the dynamics of an object on the
dimension of the space-time also appears in different con-
texts. For example, it has been shown that the emission
rate for a source with constant proper acceleration in a
D-dimensional Minkowski space-time, minimally coupled
to a massless scalar field, is equal to the emission plus ab-
sorption rates when the static source is in a thermal state.
4The response rate is generally proportional to a certain
power of the sources constant proper acceleration, which
depends on the dimension D of the space-time [37].
The Aharonov-Bohm effect indicates that the electro-
magnetic potential is an observable. By extension a
gauge potential is also taken to be an observable[38].
Therefore, looking way ahead at a quantum version of
brane-worlds, as realized through the Ashtekar-Smolin
loop quantum gravity program [39], we may ask if the po-
tentials derived from the holonomy of a triad in a brane
would also be an observable in the sense of the gravita-
tional analogue to the Aharonov-Bohm effect. An esti-
mate of such effect for the cases the Schwarzschild and
AdS-Schwarzschild space-times, in the five-dimensional
Randall-Sundrum scenario, was presented [40].
Since the brane-world program sits at the interface be-
tween gravitation and field theory, some of the contri-
butions on brane-words and applications to cosmology
also appeared in the field theory sections of the meet-
ing, where questions relative to the presence of massive
Kaluza-Klein modes were discussed. In one talk mas-
sive gravitons are considered in thick branes regarded as
domain walls associated with tachyon potentials. In the
application to cosmology, these potentials can be selected
so as to describe some form of dark energy. In particu-
lar a tachyon matter with negative pressure is suggested
as a candidate for quintessence [41]. In another talk, the
experimental constraints to the brane-world program, as-
sociated with the linear gravitational waves emitted by
the bulk and the presence of massive Kaluza-Klein gravi-
ton modes was discussed [42, 43].
Quite on the opposite direction, there were a number of
presentations on lower dimensional gravity. For example,
a perfect fluid with a kinematic self-similarity has been
considered in 2 + 1 dimensions with circular symmetry.
In this case, some solutions of Einstein’s equations rep-
resent gravitational collapse in which the final state can
be either a black hole or a null singularity [44].
A study on inflationary cosmology in 2+1 dimensions,
including dark energy solutions, show that matter and or
radiation would interact with the inflaton field through
particle production during the inflationary regime. In
the present era, the interaction of matter and a dark
energy component represented by the scalar field produce
a positive acceleration as a function of the total pressure
of the constituents [45].
A similar idea can also be applied to the case of 1+1
dimensions, with a scalar field representing the dark en-
ergy, where a comparative analysis is made for both the
Jackiw-Teitelboim and the dilatonic models in arbitrary
gauges [46].
Gravitational Wave Detection
The experimental program of gravitational wave de-
tection in Brazil started in the early nineties with the
“Graviton Project”. Later on in 2000 it led to the Schen-
berg project for the construction of a smaller spheri-
cal antenna, which consists of the current experiment,
mostly developed at the National Institute for Space Re-
search (INPE).
The spherical detectors with 60cm diameter have a res-
onance frequency of 3.8Hz which is greater than the laser
interferometry antennas. The 1.15 Ton copper-aluminum
sphere and its 0.5 Ton vibration isolation system has been
cooled down to 2 K for a first cryogenic test.
An initial test run has been already made and the
first operational run at 4-5 K, with resonant frequency
at around 3.2 kHz, is expected to operate by mid 2004,
with nine transducers [47].
A simulation of the detector was made with the wave
generated by two inspiralling neutron stars which even-
tually collide into a black hole. The signal-to-noise ratio
was calculated as a function of frequency for the simu-
lated signals, showing that the sphere is sensitive enough
to detect that kind of signal up to a distance of 18kpc
[48]
The development and construction of the transducers
represents an additional engineering task, which has ben-
efited from the experience from previously existing anten-
nas. The present development uses a modification of the
transducer used for the gravitational wave bar antenna
Niobe, making it easier to achieve the standard quantum
limit of sensitivity [49].
Analog Models
The idea behind analog models consists in getting in-
sights on problems defined in a given branch of physics
by comparison with an analog problem in another area of
physics or, more generally, of science [50]. In the partic-
ular case of gravitation, one well known example is given
by the thermodynamics of black holes, where Hawking’s
radiation is regarded as the analogous to a thermal radi-
ation [51].
In another analogy with optics, Fresnel’s equation can
be written in a covariant form aiming to an analogy with
wave propagation in curved space-times. The solutions of
that covariant equation are intrinsically obtained, show-
ing that the light rays propagate in eigenmodes with lin-
ear polarization [52].
An interesting example is the analogy of dark energy
in cosmology with a classical fluid with negative pressure.
It is noted that while in non-relativistic physics negative
pressure is associated to cohesive forces, in relativity it
may prevent the collapse of a mass distribution [53].
5We expect that these analogies work in both ways, spe-
cially on fundamental issues. For example, we may re-
gard the geometric description of Yang-Mills theory as
analogous to Einstein’s gravity. Although the latter is
not a gauge theory, it seems possible to derive an equiva-
lent gauge theory (see below). The same equivalent gauge
theory may offer an interesting analogy with solid state
physics, perhaps with some interesting geometrical tools.
Alternative Formulations
In the past years there has been a noticeable interest
the development of the so called Teleparallel Equivalent
of General Relativity. Basically, instead of using cur-
vature this formulation of Einstein’s gravitational the-
ory uses only the torsion. The Riemann curvature of
the space-time vanishes and everything else, including
geodesic deviations are handled in terms of the torsion
tensor. The complete equivalence between teleparallel
gravity and Einstein’s gravity depends on the equivalence
principle but that seems to be undecided [54]. If the to-
tal equivalence holds, then this new formulation may not
offer much at the classical level, including possible expla-
nations for the dark matter and energy problem.
In the past, equivalent formulations of Einstein’s the-
ory like the two-component spinor formulation or the
Newmann-Penrose formalism, have offered some simpli-
fications on particular issues such as the Petrov classifi-
cation and on the computer-algebra methods of solving
Einstein’s equations. Later on the spinor formalism and
conformal invariance led to the development of the con-
formal spinor or “twistor” program, which eventually led
to the concept of spin networks.
It is possible that the contribution of the teleparallel
program rests not on the classical physics but on quan-
tum gravity. Indeed, a major conceptual problem when
we want to place all fundamental interactions in the same
basket is that Einstein’s gravitation does not behave as
a gauge theory. However, as it has been reported in the
meeting, teleparallel gravity appears to be a true gauge
theory of gravity of the Poincare` translational group T4
[55]. In this case we could in principle quantize gravity
through the T4 connection, bearing in mind that the T4
group is not an easy one. Besides being non-compact, it
has the rather undesirable property of acting nilpotently
over the other symmetries, possibly leading to an acute
No-Go problem when the T4 group is combined with the
standard gauge groups [56, 57, 58].
Singularities and Black Holes
Most of the contributions on exact solutions of Ein-
stein’s equations concern the addition of a scalar field
and to explore the its quantum and classical proper-
ties, notably in black-hole physics. For example, Hawk-
ing’s radiation can be determined by means of a massless
scalar field. In the particular cases of Schwarzschild and
Schwarzschild de Sitter space-times, the response rates at
the tree level in terms of an infinite sum of zero-energy
field modes can be calculated in a closed form in de Sitter
space-time, but not in the in the Schwarzschild-de Sitter
case [59].
The study of properties of black hole physics like the
decay of its mass and the area spectra cannot be complete
without the analysis of quantum gravity. Although such
theory does not exist as yet, an estimate of some of these
properties can be obtained from the basic properties a
given quantum gravity scheme.
For example, loop Quantum Gravity (LQG) is based
on the auxiliary variables program originally developed
by A. Ashtekar. A connection associated with the holon-
omy group of closed loops may be quantized as a SU(2)
gauge theory, inducing the quantum fluctuations of the
metric geometry, while keeping intact the diffeomorphism
invariance of the four dimensional theory [39]. Even if
one such theory is far from complete, it has been claimed
to contribute to the spectra of black hole area [60].
In an analogous problem but using a more traditional
approach to quantum gravity, the Arnowitt-Deser-Misner
(ADM) quantization, together with the de Broglie-Bohm
interpretation of quantum mechanics, it is also possible
to evaluate the mass spectra in the case of a spherically
symmetric black hole coupled to a massless scalar field.
The quantum states of the black hole mass can either
increase or decrease with time, depending on the imposed
initial conditions [61].
In another application a massless scalar field may also
explain the emergence of singularities. For example, a
self-similar solution to the Einsteins equations in four-
dimensions can be obtained, representing the collapse
of a spherically symmetric, minimally coupled, massless,
scalar field leading to a Schwarzschild black hole [62].
The process for extracting energy from a rotating
black-hole as proposed by R. Penrose many years ago has
been considered as a possible explanation for the gamma
ray bursts [63]. These are short bursts of gamma rays
at the range oh 100’s KeV, lasting a few milliseconds
to several hundred seconds [64]. However, it was ques-
tioned if the extracted energy is sufficient and if it can
be sustained in face of other processes going around the
black hole, such as the formation of a plasma composed
of charged particle pairs. The basic argument is that
such plasma may remove sufficient energy to prevent the
generation of gamma ray bursts [65]. It has been noted
also that the extraction of energy may be followed by the
superradiance amplification of amplitude and frequency
of the emitted wave, which may result in an additional
loss of energy [66].
6CONCLUDING REMARKS
Our sampled analysis of the contributions shows that
after approximately forty years, research on gravitation
and cosmology in Brazil not only stays on the edge of
most recent developments, but also has innovated and
leaded some lines of research. The majority of contri-
butions are on cosmology, which we interpret as a nat-
ural trend resulting from the very large amount of data
indicating the existence of a present day accelerated ex-
pansion of the universe and the more recent precision
measurements of the CMBR by WMAP.
The topology of the universe has been systematically
studied in Brazil for more than two decades [67]. We find
it particularly relevant that the meeting counted with
several contribution on the experimental detection of the
topology of the cosmos [15, 18], specially because, just
two weeks after the meeting, it was announced that the
WMAP results point to a specific topology and that it
could be experimentally confirmed by the next planned
experiments [17].
Still on the experimental facet of the new gravitational
physics, we cannot avoid mentioning the collection of re-
ports on the Brazilian Gravitational wave Project. The
development of higher frequency oriented spherical detec-
tors of gravitational waves list as one of our outstanding
efforts [47]. Our expectative is that in the next meet-
ing we will have some positive data collected from these
detectors.
On the theoretical side, we have spotted three relevant
contributions: First, the possibility or not of explaining
gamma ray bursts by means of Penrose’s process of ex-
tracting energy from a black hole has the merit of opening
a debate on such relevant matter [65]. Secondly, the in-
teresting description of the universe as a dynamical sys-
tem appeals to a mathematical aspect in which Brazil
has given a substantial contribution, namely the theory
of dynamical systems [12]. Thus, future joint ventures on
“universe dynamics” are expected and should be stimu-
lated. Finally, it has been suggested that the gauge po-
tential associated with the SU(2) triad holonomy group
should have a observational character through the grav-
itational analogue of the Aharonov-Bohm effect [40].
It was an extremely gratifying experience to talk with
most of the contributors during the meeting. We only
regret that we were unable to comment on many other
quality contributions and to be limited to select a just a
few topics.
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